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Abstract Controlled surface oxidation of polydimethylsilox-
ane (PDMS) is essential for permanent adhesion between
device components composed of this elastomer. The per-
manent adhesion between such microdevice components
results from covalent crosslinking across the interfaces
between PDMS and other silica-based materials, such as
glass, quartz, and PDMS. Optimal duration and conditions
of oxidation, attained via treatments with oxygen-containing
plasma, are crucial for microfabrication procedures with
quantitative yields. While insufficient PDMS oxidation does
not provide high enough surface density of siloxyl groups for
cross-interface linking, overoxidation of PDMS yields
rough silica surface layers that prevent the adhesion between
flat substrates. Ideally, for a set of plasma conditions, the
range of treatment durations producing permanent adhesion
should be as broad as possible: i.e., the surface oxidation of
PDMS sufficient for irreversible binding has to complete
significantly before the effects of overoxidation become
apparent. Such a requirement assures that relatively small
fluctuations in the treatment conditions will not result in
over- or under-oxidation and, hence, will not compromise
the yields of the fabrication procedures. We examined
the dependence of the quality of adhesion (QA) between
plasma-treated PDMS and glass substrates on the compo-
sition of the oxygen-containing plasma and on the radio
frequency (RF) of the plasma generator. We observed that
plasma generated at megahertz RF provided superior con-
ditions than kilohertz RF. Concurrently, an increase in the
oxygen content of binary gas mixtures, used for the plasma,
broadened the treatment durations that afford superior QA.
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This article describes an investigation of the adhesion
between polydimethylsiloxane (PDMS) and glass sub-
strates pretreated with oxygen-containing plasma. We
examined the dependence of the quality of adhesion on the
content of the gas mixture used for the plasma and on the
radio frequency (RF) of the plasma generator. Exposure of
the substrates to plasma composed of air and of other gas
mixtures revealed that the use of pure oxygen for the
plasma treatments, at MHz RF and 50-W power, provides
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the widest range of optimal conditions for PDMS–glass
adhesion.
Low reagent and power consumption, cost-efficient
fabrication, and relatively short operating time periods are
some of the key advantages of microfluidic devices (lFDs)
(Dittrich and Manz 2006; Whitesides 2006; Thomas et al.
2010b). PDMS is a widely used material for fabricating
lFDs (Gong and Wen 2009; Zhou et al. 2010; Vullev et al.
2006; Thomas et al. 2010a). Despite its shortcomings, such
as porosity (Li et al. 2009; Mehta et al. 2009; Chueh et al.
2007; Shin et al. 2003) and susceptibility to a broad range
of organic solvents (Lee et al. 2003), PDMS is biocom-
patible (Belanger and Marois 2001; Zhuang et al. 2007)
and allows for expedient and facile reproduction of features
with nanometer precision that are essential for lFDs (Gates
2005; Cong and Pan 2008).
The fabrication of microdevices, comprising PDMS
components, involves controlled oxidation of the dimeth-
ylsiloxane surfaces to ensure a permanent adhesion to other
silica-based substrates (Millare et al. 2008; Bhattacharya
et al. 2005; Hui et al. 2005). Oxidative conversion of the
methylsiloxane to siloxy functionality (Si–CH3 ? Si–O
-)
provides means for covalent crosslinking between the two
substrates, when brought in contact (Hui et al. 2005; Morra
et al. 1990; Chaudhury and Whitesides 1992). A nucleophilic
siloxy oxygen from one of the substrates attacks an electro-
philic silicon from the other, forming a covalent bond across
the interface between the two materials. For example, a non-
covalent reversible adhesion between PDMS and glass,
essential for a range of patterning fabrication steps (Hong et al.
2008), does not sustain stress exceeding about 10 kPa (Millare
et al. 2008). The interfacial covalent enhancement of the
PDMS–glass adhesion, however, can sustain stress of 1 MPa
or larger (Millare et al. 2008).
Recently, we examined the changes that treatments with
plasma, composed solely of oxygen, induced on the PDMS
surface (Millare et al. 2008). The surface properties of the
plasma-treated siloxane elastomer correlated well with its
ability to adhere permanently to glass substrates (Millare
et al. 2008). On the other hand, the use of oxidizing plasma
composed of air or of other oxygen-containing gas mix-
tures, instead of pure oxygen, is a prevalent approach in the
PDMS surface activation for the fabrication of lFDs (Gou
et al. 2010; Anderson et al. 2000; McDonald and White-
sides 2002). Furthermore, while our initial studies were
conducted for plasma generated at MHz RF, cost restric-
tions often drive the choices for equipping soft-lithography
labs with kHz plasma generators.
For the kHz range, commercially available choices of
frequencies for RF plasma generators appear relatively
broad. Plasma generators, operating in the GHz frequency
domain, became widely available as a ‘‘spin off’’ of the
microwave-oven technology. For the MHz range, however,
the prevalent development of plasma generators operating
at 13.56 MHz and its harmonics was driven by a regulation
from the Federal Communication Commission.
Herein, we studied the dependence of the quality of
PDMS–glass adhesion on the composition of the oxidizing
plasma. For air plasma, an increase in the RF from 40 kHz
to 13.65 MHz (1) improved the reproducibility of the
optimal adhesion and (2) narrowed the acceptable range of
conditions for PDMS–glass adhesion and shifted it to
shorter treatment time durations. Tests with nitrogen–
oxygen and argon–oxygen plasma mixtures, however,
revealed that the use of 100% oxygen for the plasma treat-
ments at intermediate RF power (*50 W, 13.56 MHz)
provides the widest range of optimal conditions for PDMS–
glass adhesion.
2 Results and discussion
2.1 Plasma treatments and quality of adhesion
For the oxidative treatment of the PDMS and glass sub-
strates, we employed capacitively coupled discharge
plasma systems, equipped with RF generators operating at
40 kHz and 13.56 MHz. The color of the light, emitted by
the ionized gas in the plasma chamber, is an important
observable for monitoring the quality of the plasma.
(Caution: The intense radiation from the gas plasma may
cause permanent eye damage. While operating it, avoid
looking directly into the plasma chamber without appro-
priate protective eyewear.) Plasma of pure oxygen
appeared white, while plasma of dry air was pink (Fig. 1).
Furthermore, for plasma generated at 40 kHz, the colors
were less intense than the colors of the plasma generated at
13.56 MHz.
The oxidative treatment of the PDMS slabs and of the
glass slides involved exposing them to the low-pressure gas
plasma for different time durations. Immediately after the
treatment, we brought into contact the plasma-exposed
PDMS and glass surfaces (contact area *1 cm2) and cured
them overnight at 120C under vacuum (340 mbar). By
applying pulling force, in the direction of lifting the PDMS
from the glass slides, we examined the quality of adhesion
(QA). The values of QA were estimated from ternary semi-
quantitative evaluation of PDMS–glass adhesion (Millare
et al. 2008): i.e., QA = 2 for permanent adhesion through-
out the whole contact area; QA = 1 for partial adhesion
(i.e., the regions of permanent adhesion are randomly
distributed over the contact area); and QA = 0 for lack of
any permanent adhesion. The QA for each set of the
plasma composition and for plasma-treatment conditions
was calculated by averaging the values of QA for all
samples pretreated under these conditions.
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To characterize the strength of the adhesive bonds
between PDMS and glass, we employed tensile-strength
measurements (TSMs) on PDMS slabs adhered to two
glass slides (Fig. 2a). The materials at one of the PDMS–
glass interface were permanently adhered, i.e., QA = 2,
while at the other PDMS–glass interface, QA was 0, 1, or
2.
When the quality of adhesion at both PDMS–glass
interfaces was 2, the samples sustained tensile stress of
about 1 MPa or more (corresponding to 100 N for 1 cm2
interfaces). Instead of breaking at the PDMS–glass inter-
faces, in all tests, the failure of the junction involved
tearing the PDMS slabs, breaking the glass, or separating
the glass–wood-glued interfaces (Millare et al. 2008).
Apparently, due to the mechanical properties of the mate-
rials, these results did not allow to quantify the ultimate
tensile strength of permanently adhered PDMS–glass
interfaces. PDMS–glass bound with QA = 2 was stronger
than the intra-polydimethylsiloxane bonds, i.e., PDMS
fractured before the adhesive bond between PDMS–glass
fails. Nevertheless, our findings are indicative that QA = 2
corresponds to interfacial strength that exceeds 1 MPa. The
measured stress, at which PDMS–glass junctions separate
(i.e., above 1 MPa, which corresponds to 145 psi), tends to
exceed the values of the bond strength reported for PDMS
adhesion to other substrates (Bhattacharya et al. 2005).
This finding suggests that such previously reported values
reflect incomplete adhesion throughout the surface area
(i.e., QA = 1) or the use of polymer with lesser strength.
In contrast, for QA = 0, the PDMS–glass interface
readily dissociated under relatively small stress: i.e., at
r\ 10 kPa, corresponding to 1 N tensile force for 1 cm2
(Fig. 2b, inset). Unlike the dissociation of interfaces
adhered with QA = 2 (or QA = 1), the dissociation of
Fig. 1 External view of the plasma chamber: a prior to ignition of the plasma; b with air plasma ignited; and c with pure-oxygen plasma ignited








Fig. 2 Tensile-strength measurements (TSMs) of PDMS–glass adhe-
sion. a Scheme of the wood/glass/PDMS/glass/wood junction used for
the TSMs. b Tensile stress/strain, r/e, relation for QA = 2 (curves i
and ii), and QA = 0 (curves iii). For curve i, both the permanent
adhesion at both PDMS–glass interfaces was achieve by 30-s
treatments with air plasma, PRF = 50 W and RF = 13.56 MHz. For
curve ii, both interfaces were treated with oxygen plasma under
identical power, RF and time settings. For curve iii, one of the
PDMS–glass interfaces was treated under identical conditions as the
samples for curve i and allowed to age for a day. Then at the other
PDMS–glass interface, the materials were brought in contact without
any plasma treatment to ensure QA = 0. The failure point of i, at
about 1.5 MPa, was a result of tearing the PDMS slab, while the
failure point of ii resulted from breaking one of the glass slides. No
material deterioration was observed for iii after the disjointment at
*7 kPa
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PDMS–glass interface held together at QA = 0 did not
leave visible debris of PDMS material on the glass sur-
faces. This observation, along with the differences in the
interfacial strengths exceeding two orders of magnitude,
provided the discernibility and the semi-quantitative defi-
nitions for QA = 0 and QA = 2.
Another important distinction between PDMS–glass
interfaces with QA = 0 and QA = 2 was in their suscep-
tibility to peeling forces. (In contrast to the tensile forces,
applied orthogonally and equally distributed over the
interface area, peeling forces are applied only at the edge of
the PDMS–glass interface and involve bending of the
elastomer slab to lift it off the glass surface.) For QA = 0,
the PDMS slabs readily peeled off the glass slides under
forces of about a Newton or a fraction of a Newton. (The
interfaces with QA = 0 would occasionally dissociate even
by the weight of the glass slide upon lifting the PDMS
slab.) For QA = 2, attempts to peel the PDMS from the
glass led to tearing the polymer (under excessive forces)
rather than separating it from the glass slides.
As an intermediate, QA = 1 was assigned for interfaces,
for which the PDMS slabs could be partially lifted off the
glass surface and at the same time had regions of perma-
nent adhesion. Attempts to completely peel off such par-
tially bound interfaces resulted in tearing the PDMS slabs
and leaving polymer debris onto the glass surfaces. TSMs
for interfaces with QA = 1, indeed, produced intermediate
forces of junction failure, i.e., between about 20 and 60 N.
Because of the heterogeneous distribution of the perma-
nently bonded regions throughout such PDMS–glass
interfaces, however, we abstained from ascribing tensile-
stress value for samples with QA = 1 (i.e., we measure the
forces, but we cannot unambiguously define the surface
area of the permanent bonding between the substrates in
order to calculate the engineering stress). Similar to
QA = 2, the separation of the junctions with QA = 1
during TSMs involved tearing the PDMS material and
leaving polymer debris on the glass surfaces.
As we have demonstrated, the values of QA correlated
well with the properties of the oxidized PDMS surfaces
(Millare et al. 2008). The underlying reasons for using QA
for evaluation of the conditions of PDMS oxidation
included (1) the observable property of QA was how well
the substrates adhere, rather than surface characteristics
that correlate with the adhesiveness of the materials; (2) by
avoiding relatively large pulling forces, QA accounts for
the bonding between the substrates, rather than for
mechanical failures (i.e., tearing) of the polymer; and (3)
the measurements required for QA are significantly more
expedient than atomic-force microscopy and wetting con-
tact angle goniometry, making such QA estimation the
preferred approach for expedient evaluation of a large
number of conditions.
The duration of treatment with oxygen-containing
plasma is a crucial parameter in establishing optimal con-
ditions that afford high QA in a reproducible manner
(Millare et al. 2008). An increase in the extent of PDMS
oxidation increases the amount of surface siloxyls and,
hence, increases the covalent crosslinking across the sub-
strate interface producing the permanent adhesion. Exten-
sive oxidation of PDMS, however, results in the formation
of rough surface layers of silica that prevent adhesion of
the over-treated elastomer to other substrates (Millare et al.
2008; Bar et al. 2001).
Initial plasma oxidation produces surface layers (with
thickness of about 100–200 nm), in which the silicon
atoms are connected with about three or four oxygens.
Upon further plasma treatment, the oxidized surface
layers become thinner due to the formation of silicon
oxide, which has smaller specific volume than the poly-
mer structures (Hillborg et al. 2000). The partially oxi-
dized PDMS surface layers, in which the polymer
structure is at least partially preserved, are essential for
permanent adhesion. In addition to sufficient number of
sites for covalent cross-linking across the interfaces
between silica-type materials, such partially oxidized
PDMS surface layers still have the smoothness and
elasticity needed for establishing practically a complete
contact when pressed against the surfaces of the other
substrates.
The hydrophilic nature of such partially oxidized
PDMS surfaces makes them unstable when exposed to
hydrophobic medium, such as air (Morra et al. 1990;
Murakami et al. 1998). Within hours, conformational
rearrangements pull the partially oxidized polymer chains
into the PDMS bulk and/or low-molecular weight non-
oxidized polymer chains diffuse to the surface (Eddington
et al. 2006) leading to (1) surfaces covered with
non-oxidized PDMS chains, (2) recovery of the surface
hydrophobicity, and (3) loss of the PDMS adhesiveness.
Therefore, for all our studies, we bring the oxidized
PDMS and glass substrates in contact with each other
within 10 – 30 s after the plasma treatments. Because the
kinetics of aging of the oxidized PDMS is quite slow,
the use of freshly plasma-treated substrates assures that
the observed losses of adhesiveness, i.e., low QA values,
are not due to conformational rearrangement of the
polymer chains at the interfaces between the substrates.
Low quality of adhesion, i.e., QA = 0 and 1, therefore, is
ascribed either (1) to insufficient oxidation and insuffi-
cient surface density of siloxy groups essential for
interfacial covalent cross-linking between the substrates
or (2) to overoxidation and formation of rough brittle
layers of silica that prevent the establishment of atomic-
level complete contact throughout the interface between
the substrates.
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2.2 Air plasma generated at different frequencies
Treatment with air plasma is one of the most frequently
used approaches for oxidative activation of PDMS sur-
faces, making them adhesive to silica-based substrates. We
examined the dependence of QA on the duration of treat-
ment of PDMS with air plasma generated at 40 kHz and
13.56 MHz at RF power, PRF, ranging from 10 to 90 W
(Fig. 3).
For kHz and MHz frequencies, an increase in the RF
power shifted the range limits of treatment durations,
producing acceptable QA, to shorter times (Figs. 4, 5). For
40 kHz, for example, the region corresponding to
QA C 1.7 shifted from 10–110 s, for PRF = 30 W, to
10–40 s, for PRF = 90 W (Figs. 4a, 5a). Similarly, for
13.56 MHz, the region corresponding to QA C 1.9 shifted
from 20–120 s, for PRF \ 20 W, to 4–80 s, for PRF [
80 W (Figs. 4b, 5b). This observation is consistent with the
increase in the energy of the ionized gas molecules caused
by an increase in the RF power. An increase in the energy
of the species colliding with the PDMS surfaces increases
the rate of oxidation.
Comparison between the plasma treatments conducted
at different frequencies revealed that the use of 13.56 MHz
RF generator provided means for attaining QA = 2 in a
quantitative and reproducible manner (Figs. 4, 5). At
RF = 13.56 MHz, the optimal treatment-duration range
was, indeed, narrower than the treatment-duration range
resulting in acceptable QA for RF = 40 kHz (taking
QA = 1.7 for a criterion, for example). The treatment at
13.56 MHz, however, provided a well-defined range of
conditions (yielding, for example, QA C 1.9) allowing for
permanent adhesion with quantitative yields (Fig. 5b)
essential for fabrication procedures.
An important distinction between the kHz and MHz
treatment appeared to be the rate of oxidation. In com-
parison with the MHz conditions, the oxidation appeared
overall slower for the kHz treatments: e.g., for RF =
40 kHz, longer treatment durations were necessary to
observe permanent adhesion (Fig. 5a). Concurrently, for
the kHz treatments, QA deteriorated relatively gradually,
even manifesting trends of QA decline prior to attaining
permanent adhesion with quantitative yields (Figs. 4a, 5a).
These findings suggest that for RF = 40 kHz, the trends of
overoxidation became apparent prior to the oxidative for-
mation of siloxyls with sufficient surface density. In con-
trast, treatments at 13.56 MHz revealed well-defined
regions of conditions (duration and RF power) that pro-
duced QA = 2 with quantitative yields (Fig. 5b).
We ascribe this frequency-induced discrepancy in
quantitatively attaining permanent adhesion to the differ-
ence in the energy distribution of the ionized species
generated with different RF field. Most of the potential
drop in the plasma chamber (and hence most of the transfer
of the RF power to the gas) occurs across the millimeter
thick gas sheath at the electrode surfaces (Hopwood and
Mantei 2003; Jacob 1998; Kawamura et al. 1999). The
residence time of the gas molecules within the sheath
region is in the order of 10-6 s. Therefore, molecules at the
sheath exposed to RF  1 MHz experience excitation
similar to a DC jolt and leave the electrode surface at a
different phase of the oscillating field. Such excitation,
therefore, produces ionized species with a broad distribu-
tions of energies (Kawamura et al. 1999).
In contrast, gas molecules at the electrode surface
exposed to RF  1 MHz experience excitation that pro-
ceeds over several cycles of field oscillation, resulting in
ionized species with relatively narrow energy distribution
(Kawamura et al. 1999). For RF = 13.56 MHz, therefore,
the narrow energy spectrum of the plasma, allowed for
reliable attainment of siloxyls with sufficient surface den-
sity on the PDMS substrate, prior to overoxidation
lg( t / s)
lg( t / s)
QA
P RF / W




Fig. 3 Surface plots of the quality of adhesion (QA) between
poly(dimethylsiloxane) and glass pretreated for various time durations
(time, t, in seconds is presented in a logarithmic scale), with air
plasma generated using different RF power at: a 40 kHz and
b 13.56 MHz (under plasma pressure = 0.35 mbar). QA = 2 corre-
sponds to permanent adhesion, QA = 1 corresponds to permanent
adhesion, partially distributed throughout the contact interfaces, and
QA = 0 corresponds to reversible or no adhesion
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becoming apparent. The use of GHz plasma generator
(Ginn and Steinbock 2003; Hui et al. 2005) on the other
hand, results in relatively fast sample heating, which may
prove detrimental for the fabrication procedures.
2.3 Plasma of oxygen-containing gas mixtures
Air is the most accessible gas mixture for generating oxi-
dizing plasma. Low-cost alternatives for PDMS oxidation,
such as corona systems, for example, provide an excellent
approach for generating localized plasma utilizing air at
atmospheric pressure (Haubert et al. 2006). Formation of
ozone, along with the inability to tightly control the con-
ditions and the composition of the plasma formed in such
an open system, is some of the potential drawbacks. Fur-
thermore, while vacuum plasma RF generators provide
means for a parallel treatment of substrates with relatively
large surface areas, the corona systems are limited to in-
series mode of PDMS oxidation and device fabrication.
Nevertheless, due to its simplicity of operation and low
cost, corona systems have proven to be an excellent
research tool for micro- and nanofabrication labs.
Methods based on the direct use of atmospheric air as an
oxidizing mixture, however, are susceptible to the seasonal
and regional variations in the climate conditions, which
pose potential problems with reproducibility of the results
not only between different labs, but also within the same
lab for experiments conducted during different times of the
year. (The year-round dry climate of the Southwest region
of US allowed us to achieve relatively good reproducibility
for the air-plasma treatment (Figs. 3, 4, 5), which we
conducted over different times of the year.) Nevertheless,
the use of well-defined gas mixtures, contained in a
chamber of a plasma generator, for example, provides
Fig. 4 Dependence of quality
of adhesion (QA) between
PDMS and glass on the time
duration (logarithmic
representation) of treatment
with air plasma generated using
different RF power at: a 40 kHz
and b 13.56 MHz (under plasma
pressure = 0.35 mbar). The
markers represent the
experimentally determined data
points. The lines represent
double-sigmoid data fits. Large
error bars reflect fluctuations in
the QA outcome for the
particular plasma treatment
conditions and duration. The
error bars are not displayed if
they are smaller than the
markers
Fig. 5 Contour plots
representing the dependence of
quality of adhesion (QA) on the
RF power and on the time
duration of treatment
(logarithmic representation)
with air plasma generated under
0.35 mbar pressure at:
a RF = 40 kHz and
b RF = 13.56 MHz. The
contours corresponding to
QA = 1.7 and 1.9 surround
regions of conditions that can
prove feasible for fabrication
procedures
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means for establishing conditions for plasma treatment that
lead to outcomes with improved reproducibility.
We examined the dependence of QA on the content of
oxygen–nitrogen and oxygen-argon mixtures for plasma
treatments of PDMS. In our previous study, we determined
that treatment with oxygen plasma generated at 50 W
13.56 MHz RF proved optimal for obtaining permanent
PDMS–glass adhesion (Millare et al. 2008). Therefore, for
oxygen–nitrogen and oxygen-argon mixtures we used
PRF = 50 W and RF = 13.56 MHz.
Because air is composed of 20.9% O2 and 78.1% N2, we
hypothesized that plasma treatments with mixtures that
contain 20% or more oxygen would result in QA values
similar to the QA we observed for the air treatments. Our
findings (for RF = 13.56 MHz and PRF = 50 W), how-
ever, suggested for rejection of this hypothesis (Figs. 6, 7).
For plasma treatments with argon–oxygen and for nitro-
gen–oxygen mixtures, we did not observe quantitative
permanent adhesion (i.e., QA C 1.9) at oxygen content
smaller than about 50% (Fig. 7).
Currently, we do not have a good understanding about
the origin of this discrepancy; however, our findings
suggest that some of the minor components of atmospheric
air could be crucial for the oxidative plasma treatments. In
fact, some of our initial studies revealed that impurities of
air (resultant from employing only one or two degassing
cycles) appeared to improve the QA for treatment with
plasma mixtures with low oxygen content. For example,
traces of air trapped in the PDMS slabs and desorbed into
100% argon plasma mixture resulted in partial adhesion at
treatments exceeding 2 min. Due to the porous nature of
PDMS, which is capable of trapping gas, we established a
protocol in which we degassed the plasma chamber for
prolonged time with increased number of cycles (i.e.,
pumping the gas down to pressure under *20 lBar and
filling the chamber with the gas mixture of choice).
The trends of dependence of QA on the composition of
the plasma–gas mixtures demonstrated that for reproduc-
ible adhesion with quantitative yields, treatments with
100% oxygen provide the most desirable outcomes
(Fig. 7). As an oxidative mixture, air is more accessible
than pure oxygen. For PRF = 50 W, however, the range of
time durations of oxygen-plasma treatments that yield
optimal QA, was wider than the feasible time durations for
treatment with air plasma (Fig. 4b middle curve vs. Fig. 6
top curve). Along with this consideration, the uncertainty
due to the atmospheric conditions makes the use of pure
oxygen a preferred choice for PDMS oxidative plasma
treatments.
2.4 Conditions of oxidative plasma for achieving
permanent adhesion
Three characteristics of QA govern the choice for optimal
treatment conditions in order to quantitatively achieve
permanent adhesion (e.g., QA [ 1.9): (1) the value of QA,
averaged from measurements, should be 2 or close to 2, in
order to ensure high quality of adhesion; (2) the error limits
for each set of measurements should be zero or close to
zero, in order to ensure reproducibility; and (3) the
neighboring data points (along the time, PRF, or gas-com-
position axes) should have QA close to 2 and error limits
close to zero, in order to ensure that the outcome would not
susceptible to fluctuations in the treatment conditions.
For air plasma generated at kHz RF, for example, the
analysis showed a random distribution of regions for which
QA [ 1.9 (Fig. 5a). Closer examination of the individual
measurements indicated wide ranges of conditions yielding
relatively large average QA values (e.g., QA [ 1.7),
which, conversely had considerable error limits due to
mixed outcomes of QA = 1 and 2 (Fig. 4a). According to
our observation, for air plasma formed in 40-kHz genera-
tors (which is one of the most popular lab setups for PDMS
oxidative treatment), the RF power should be at least 20 or
30 W (and probably not much above 100 W) and the
Fig. 6 Dependence of quality of adhesion (QA) between PDMS and
glass on the time duration (logarithmic representation) of treatment
with different oxygen-containing plasma mixtures generated using
50 W RF power at 13.56 MHz (under plasma pressure = 0.35 mbar).
The markers represent the experimentally determined data points. The
lines represent double-sigmoid data fits. Large error bars reflect
fluctuations in the QA outcome for the particular plasma treatment
conditions and duration. The error bars are not displayed if they are
smaller than the markers
Microfluid Nanofluid (2011) 10:907–917 913
123
exposure of the polymer to the ionized gas should not be
longer than about 40 s, in order to ensure permanent
adhesion (Table 1).
While for air plasma generated at MHz RF, the regions
of outcomes with relatively large QA values were narrower
that those for 40 kHz (Fig. 5), the continuous set of power/
time conditions that produce QA [ 1.9 was quite well
defined (Figs. 4b, 5b). Our findings indicated that air
plasma generated at 10 W 13.56 MHz RF, yielded per-
manent PDMS–glass adhesion when the substrates were
treated for periods between 20 and 200 s (Fig. 5b). An
increase in the RF power to about 100 W, shortened the
upper limit of the treatment duration that reproducibly
yielded permanent adhesion to about a minute (Table 1).
Although our findings for air-plasma treatments exhib-
ited reliable reproducibility at PRF = 90 W, 13.56 MHz
RF (Fig. 4b, upper curve), we are cautious to make rec-
ommendations for treatment durations shorter than about
10 s. Shimming the shunt, CSh, and the series capacitors,
CSr, which are components of the impedance-matching
modules of the plasma systems, in order to maximize the
power transferred to the gas plasma (Salem et al. 1998;
Singh and Roy 2007) may require up to about 5 s. Even
though we tend to eliminate the short-time treatment
uncertainties by conducting blank runs and presetting CSh
and CSr close to their optimal values, potential operator or
instrument-setup errors make it unfeasibly for recommen-
dation treatment times shorter than 10 s for these types of
experiments.
A principal disadvantage of setting guidelines for using
air as an oxidant is the seasonal and geographic inconsis-
tency of the atmospheric content (such as humidity).
Examination of different oxidizing gas mixtures indicated
that plasma of pure oxygen provided the most acceptable
set of conditions for achieving QA [ 1.9 (Fig. 7). At 50 W
RF power, treatment with oxygen plasma allows for time
window between about 10 and 100 s (Table 1), which is
wider than the treatment with air plasma under the same
settings (Figs. 4b middle curve vs. Fig. 6 top curve). An
increase in the RF power to 100 W or a decrease to 10 W,
however, compromises the quality of PDMS treatment with
oxygen plasma (Millare et al. 2008). Treatments with air
plasma, on the other hand, appeared to be less susceptible to
such power fluctuations (Fig. 4b, top and bottom curves).
3 Conclusions
A semi-quantitative ternary analysis allowed us to survey a
series of plasma-treatment conditions that yield permanent
adhesion between PDMS and glass substrates. Oxygen
plasma, generated at megahertz frequency (i.e., RF =
13.56 MHz, 50 W), provided the preferred controllable
means for oxidative treatment of PDMS surfaces in order
to reliably obtain permanent adhesion with quantitative
yields. We believe that our finding for PDMS–glass
adhesion can be readily expanded to optimizing the pro-
cedure for adhering PDMS to other oxide substrates.
Fig. 7 Contour plots representing the dependence of quality of
adhesion (QA) on the oxygen content and on the time duration
(logarithmic representation) of treatment with plasma composed of:
a oxygen and nitrogen and b oxygen and argon (plasma
pressure = 0.35 mbar; RF power = 50 W; and RF = 13.56 MHz).
The contours corresponding to QA = 1.7 and 1.9 surround regions of
conditions that can prove feasible for fabrication procedures
Table 1 Optimal plasma-treatment conditions for QA [ 1.9
Gas RF/MHz PRF/W Time/s
Aira 0.04 [30 10–100
Aira 13.56 10–30 20–200
40–60 10–50
80–90 10–60
Oxygen 13.56 50 10–100
Pressure = 0.35 mbar
a Plasma color—pink




Precleaned microscope glass slides (Corning, 75 mm 9
50 mm) were purchased from Fisher Scientific and cut into
10 mm 9 10 mm pieces. For the plasma, compressed
gasses, oxygen ([99.5%), nitrogen ([99.97%), argon
(99.995%) were used.
Prepolymer of PDMS (Sylgard 184 silicone elastomer
base kit) was purchased from Dow Corning Corporation.
The PDMS prepolymer was mixed with the curing agent,
degassed, poured into the polystyrene Petri dish (used for
molds), and allowed to cure at 50C for about 60 min. The
3-mm thick slabs were cut into rectangular pieces with
areas about 1–2 cm2 (Millare et al. 2008).
4.2 Plasma generation
The plasma treatments were conducted using a capacitively
coupled discharge systems (FEMTO, Diener Electronics)
with 2 l gas chambers equipped with a stainless-steal
shelve. One of the systems was equipped with a 40-kHz RF
generator (0–100 W variable power) and the other was
equipped with a 13.56-MHz RF generator (0–100 W var-
iable power). The fully automated (with computer control)
13.56-MHz system had two gas inlets equipped with mass-
flow controllers for regulating the composition of the bin-
ary gas mixtures.
For each set of gas mixtures, the plasma was ignited
without samples in the chambers, and the shunt and series
capacitors were tuned to manually and automatically for
maximizing the transfer of the power to the ionized gas.
The maximizing of the transfer of RF power was monitored
via the computer control and/or via the intensity of the
color of the plasma (Fig. 1). Thus, the obtained values for
the shunt and series capacitances were preset for the
sample-treatment procedures, so that the maximum power
transfer is achieved immediately after the ignition of the
plasma (with minimal or no capacitance shimming). Such
presetting of the impedance-matching modules of the
plasma systems is particularly important for the reproduc-
ibility of the short-duration treatments (i.e., for treatments
shorter than about 5 s).
4.3 Plasma treatment
The cut PDMS slabs and glass slides were placed into the
plasma chamber and flushed with selected gases using
conditions described previously (Millare et al. 2008). By
controlling the flow rates from the two inlets via the mass
flow controller, binary mixtures of oxygen–nitrogen and of
oxygen–argon with various compositions were produced.
The gas pressure, in the sealed gas-flushed chamber, was
brought down to 0.35 mbar and kept for about a minute
allowing it to stabilize, at which point the RF generator was
activated.
Post-plasma treatment, the samples were flushed with
the selected gas, immediately placed on top of glass slides
and cured under vacuum (340 mbar) using conditions
previously established (Millare et al. 2008). The plasma-
treated PDMS and glass surfaces were brought into contact
within 10 – 30 s after the treatment. We observed that
leaving the plasma treated substrates in air prior to bonding
them for times as short as 5 min, resulted in decreased
quality of adhesion. This observation was consistent with
the expected rearrangement of the oxidized polymer chains
at the PDMS surface (Morra et al. 1990; Murakami et al.
1998).
4.4 Examination of QA semi-quantitatively
The QA of PDMS slabs adhered to glass slides was ana-
lyzed by applying relatively small lifting force, i.e., 1 N or
less, at the edges (i.e., peeling forces). For each QA, the
extent of bonded areas (i.e., permanent vs. reversible) were
evaluated using previously established methods (Millare
et al. 2008).
The data analysis was conducted using IgorPro v. 6
installed on MacOS and Windows workstations (Thomas
et al. 2010c; Jones and Vullev 2002; Vullev and
Jones 2002; Wan et al. 2008; Bao et al. 2009; Jones et al.
2007).
4.5 Examination of QA via TSMs
PDMS–glass adhesion stress–displacement experiments
were conducted using a 100Q500 Universal Testing Sys-
tem (TestResources). The tested samples were prepared by
sandwiching PDMS between two glass slides which were
glued to wood blocks: i.e., wood/glass/PDMS/glass/wood
junctions (Fig. 2a), where one side of the PDMS is always
adhered to glass with QA = 2 and the other side being the
examined QA. The stress–displacement studies yielded
similar results as the previously reported observations for
the different QA conditions (Millare et al. 2008). Because
the tensile moduli of glass ([*50 GPa) and wood
(*10 GPa) are considerably larger than the modulus of
PDMS, the measured tensile strain (prior to the junction
failure) was ascribed to deformation of PDMS. Therefore,
the engineering stress, r, was calculated from the applied
tensile force and the areas of PDMS–glass contacts (prior
to the measurements); and the engineering strain, e, was
estimated from the measured tensile displacement and the
initial thickness of the PDMS slab. From TSM curves, prior
to the failure of the junctions with QA = 2 at both PDMS–
Microfluid Nanofluid (2011) 10:907–917 915
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glass interfaces, we estimated tensile moduli for PDMS of
about 10 MPa.
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